The goal of this study was to localize phosphoenolpyruvate carboxykinase (PEPCK) , glycogen synthase (GS) , and glycogen phosphorylase (GP) in the liver lobule by immunocytochemical techniques and to describe the effects of feeding and fasting on the distribution and quantity of these enzymes. Livers from ad lib fed and overnight fasted normal adult male rats were frozen in liquid nitrogen after transcardial perfusion with 30% sucrose. Serial cryostat seaions of tissue were collected on slides, fued by immersion in 4% paraformaldehyde, and incubated with antibodies against PEPCK, GS, and GP. Antibodies to these enzymes were visualized with a gold-conjugated secondary antibody and a silver enhancement technique. Fed animals demonstrated a periportal to pericentral gradient of PEPCK. Fasting increased the periportal content of PEPCK, induced the midlobular and centrilobular cells to express the enzyme, and steepened the periportal to pericentral gradient. The increase of PEPCK was codirmed by Western blot analysis. GS and GP were distributed throughout the lobule in the fed ani-GIFFlN, DRAKE, MORRIS, CARDELL Materials and Methods Solutions. The following solutions were used: (a) PBS + TX-100: 0.137 M NaCI, 4 mM Na2HP04, 15 mM NaH2P04, 0.5% (v/v) Triton X-100, pH 7.4; (b) TBST blocking buffer: 100 mM Trizma Base, 0.9% NaCI, 0.1% (vlv) Tween-20, 5 % (wlv) Carnation non-fat dry milk, pH 7.5; (c) homogenization buffer: 20 mM Tris-HCI, pH 7.8, 150 mM potassium fluoride, 10 mM EDTA acid, 250 mM sucrose, 1 mM phenylmethylsulfonyl fluoride, 1 pg/d each of leupeptin, pepstatin, and chymostatin; (d) SDS t a d buffer: 25 mM Trizma Base, pH 8.3,0.192 M glycine, 0.1% SDS; (e) electrophoretic transfer buffer: 10 mM Tris-HCI, 192 mM glycine, 10% (vlv) methanol; (f) blocking buffer: PBS + TX-100 with 2% (w/v) bovine serum albumin, 0.9% (v/v) fish gelatin, and 5% (v/v) normal rabbit serum for PEPCK and GS or normal goat serum for GP. Vectabond (Vector Laboratories; Burlingame, CA) was used to coat slides for cryostat sections.
Introduction
A heterogeneous distribution of enzymes involved in carbohydrate metabolism has been described within liver lobules (for review see 1). Recently, many experimental approaches have been developed in an attempt to understand the relationship between hepatocyte heterogeneity and the regulation of hepatic metabolism (2,3). This has led to development of the concept of "metabolic zonation" in the liver (I).
Enzymes involved in the regulation of glycolysis are predominantly distributed in hepatocytes surrounding the central vein (pericentral). whereas key gluconeogenic enzymes are found in cells near the portal tracts or periportal hepatocytes (4-6). Phosphoenol-Correspondence tm Dr. Bruce E G a i n , Dept. of Anatomy and Cell Biology, U. of Cincinnati College of Medicine, 231 Bethesda Ave., Cincinnati, OH 45267-0521. mal but often showed a centrilobular pattern, and fasting did not alter the lobular distribution ofeither enzyme. Western blot analysis revealed no changes in the amount of these enzymes in the fed or fasted state. The cellular distribution of the three enzymes is similar to that of hepatic glycogen, in that the immunoreactive material has a clumped appearance in the periportal hepatocytes and is more dispersed in the pericentral cells. On fasting the periportal hepatocytes lose the dense compact localization of the enzymes and the protein becomes more homogeneously distributed throughout the cytosol. Further studies are needed to elucidate the functional significance of the regional heterogeneity of the glymgen-metabolizing enzymes and the molecular mechanisms regulating their gene expression. (JHistochem Cytochem 41:1849-1862, 1993) KEY WORDS: Rat liver; Immunocytochemistry; Glycogen; Glycogen synthase; Phosphoenolpyruvate carboxykinase; Glycogen phosphorylase: Liver lobule. pyruvate carboxykinase (PEPCK), which catalyzes a regulatory step in gluconeogenesis, has been one of the most extensively studied enzymes of hepatic carbohydrate metabolism. Although the demonstration ofa predominant periportal expression for PEPCK through biochemical assays (7,8), immunohistochemical localization (3-12). and in situ hybridization studies (13) is well documented, information on the lobular localization of glycogen synthase (GS) and glycogen phosphorylase (GP), key enzymes in the synthesis and breakdown of glycogen, has not been obtained. In addition, the heterogeneous distribution of glycogen in the liver lobule has been studied extensively (14-16), but it is not known if changes in glycogen patterns are concomitant with changes in the enzymatic distribution of GS and GP at the cellular and/or lobular levels. This study was undertaken to determine (a) the distribution and content of PEPCK, GS, and GP in the livers of fed and fasted rats and (b) any relationship between glycogen patterns and the distribution of these hepatic enzymes.
Histochemistry. Frozen sections were stained with the periodic acid-Schiff (PAS) procedure (17). Slides were examined after staining with PAS alone or PAS and a counterstain (Fast Green). For better preservation and visualization of glycogen. some specimens were prepared by freezesubstitution according to the Peyrot modification of the Lison technique for glycogen (18) as described by Babcock and Cardell (14).
Antibodies. Goat anti-rat liver PEPCK was provided by Dr. Darryl Granner (Vanderbilt University) and sheep anti-rat liver GS was a gift from Dr. Thomas Miller (University of Massachusetts). Rabbit anti-bovine liver GP was a gift from Dr. Michael Crerar (York University, Ontario, Canada). Purity of each antibody was determined by Western blot analysis of crude rat liver homogenate which gave single bands of 97.4 KD for GP, 88 KD for GS, and 69.5 KD for PEPCK. Secondary antibodies were conjugated with 5-nm gold. Silver enhancement facilitated light microscopic visualization of the gold-labeled antibodies (Silver Enhancement kit SE-100; Sigma, St Louis, MO). The specificity of the immunocytochemistry and immunostaining was determined by controls which included incubation of tissue sections with non-immune serum in place of primary antibodies or deletion of gold-labeled secondary antibody.
Immunocytochemistry. Animals were anesthetized with sodium pentobarbital (1 d / 3 0 0 g body weight) and perfused uanscardially via a peristaltic pump (Cole-Parmer Instrument; Chicago, IL) set to deliver 12 ml/min. Brief perfusion of cold saline to rinse the vascular tree was followed by 0. 5 mllg body weight of cold 30% sucrose in PBS. Sections of lobes (15 x 5 x 2 mm) were frozen in liquid nitrogen and stored at -7O'C. Serial sections (10 pm thick) were cut on a Leitz cryostat, collected on Vectabondtreated slides, and air-dried at room temperature (RT) for 1 hr. Tissue sections were fixed for 5 min (PEPCK) and 10 min (GS and GP) by immersion of the slides in 4% (w/v) paraformaldehyde in PBS at RT, rinsed for 15 min in PBS, and incubated in blocking buffer overnight in the cold. Tissue sections were incubated for 6 hr at RT with primary antibodies diluted in blocking buffer (PEPCK 1:5000; GS 1:lOOO; GP 1:2000). Slides were washed with PBS + TX-100 (six changes of 5 min each) and incubated with a 1:5 dilution of secondary antibody conjugated to 5-nm colloidal gold (19) in blocking buffer overnight in the cold. After washing the slides as described above, tissue sections were post-fixed for 15 min in PBS + TX-100 containing 2.5% glutaraldehyde. Slides were rinsed in three changes of distilled water ( 5 min each) followed by immunogold-silver staining physical development to visualize the gold-conjugated secondary antibodies. Silver enhancement was done according to the manufacturer's recommendations.
Serial sections were stained with hematoxylin to evaluate morphology and the periodic acid-Schiff (PAS) procedure (17) for demonstration of glycogen. Slides were dehydrated (5 min each in 70% ethanol, two changes of 95% and 100% ethanol, two changes of xylene) and coverslips mounted with Permount.
Microscopy. Slides were evaluated with a h i s s microscope equipped with brightfield optics and a 35-mm camera. Black-and-white images were recorded on TMAX-100 film (Kodak). M e m Blot Analysis. Frozen tissue samples were thawed, homogenized in 10 volumes of homogenization buffer, and centrifuged at 8000 x g for 20 min. The protein content ofthe supernatant was determined (20). Samples containing 150 pg of hepatic protein from fed and overnight fasted animals, along with biotinylated molecular weight standards (Sigma), were loaded onto a 10% SDS-polyacrylamide gel with a 4% stacking gel and electrophoresed overnight. A Genie electrophoretic blotter (Idea Scientific; Corvallis, OR) was used at 24 V for 30 min to transfer the hepatic proteins to a nitrocellulose membrane. After incubation for 6 hr at 37°C with TBST blocking buffer, the membrane was incubated in the same buffer containing dilutions ofprimary antibodies used in the immunohistochemistry. The membranes were washed with TBST (three changes, 5 min each), and incubated for 30 min with a 1:5 dilution of the appropriate gold-conjugated secondary antibody in TBST blocking buffer. After washing with TBST as above, the membrane was incubated for 3-10 min with the silver enhancement reagents described earlier. Bands were scanned using a Macintosh computer equipped with a reflective densitometric scanner and analyzed with ScanAnalysis software (Biosoft; Cambridge, UK).
Quantitative Determination of Hepatic Glycogen. Glycogen concentrations in frozen liver samples were determined as previously described (21). Briefly, frozen unfixed liver samples were thawed and homogenized in distilled water. The homogenate was diluted 1:lOOo (w/v), and 400-pl samples were treated with 400 p1 of 0.1 M sodium acetate, 50 pglml amyloglucosidase, 30 p g / d alpha amylase. After digestion at 30°C for 1 hr, 240 pg glucose oxidase, 24 pg peroxidase, and 80 pg o-dianisidine dihydrochloride were added and the incubation was continued for 30 min. Specuophotometric determination of glycogen followed color development by the addition of 1.6 ml of 5 N HCI; the OD was read at 540 nm on a Varian DMS 80 spectrophotometer. A standard curve was obtained using known concentrations of glucose, and the glycogen concentrations of the samples were determined.
Results

Hepatic Glycogen
Chemical determinations of hepatic glycogen showed that fed rats (n = 6 ) had levels of 5.6 f 0.43%, whereas the liver of overnight fasted animals (n = 6 ) had barely detectable levels (< 0.1%). This substantial drop in liver glycogen from the fed to fasted state was reflected by a dramatic decrease in PAS staining of frozen sections (compare Figures 1A and 1B) . Sections of liver from the fasted rats showed considerable variability, from almost no PAS staining of glycogen in any region of the lobule to overall PAS staining with pericentral pattern. Even in sections with low PAS staining occasional cells were stained, particularly in the region of the central vein. In contrast, sections of liver from the fed rats displayed strong PAS staining of glycogen in almost all cells. In general, hepatocytes in the periportal region showed discrete masses of glycogen, whereas those in the pericentral areas had more dispersed stain (Figure 2). 
Phosphoenolpyruvate Carboxykinase
Western blot analysis showed that PEPCK protein level increased from the fed to the overnight fasted state (Figure 3) . A densitometric scan of the bands determined that the PEPCK protein level in the fasted liver was increased twofold over that of the fed liver.
To study the cellular distribution of PEPCK and the changes in this pattem induced by fasting, we performed immunocytochemistry on liver from fed and overnight fasted rats. Immunocytochemical staining of liver from fed rats showed a strong periportal lobular pattern ( Figure 4A ). The hepatocytes in the periphery of the lobule (Zone 1 of the hepatic acinus) had a much greater amount of the enzyme distributed throughout the cytosol than did cells surrounding the central veins (Zone 3 ofacinus). Moreover, almost every hepatocyte in the periportal region displayed a dense reaction for PEPCK, where hepatocytes in the centtilobular region were more lightly stained and showed more variability in the density of stain in the cytoplasm. After overnight fasting (Figure 4B ), PEFCK staining was increased in all zones of the lobule but a periportal pattern continued to predominate. Clearly, the number of centrilobular cells staining for PEPCK was increased over the staining of perivenous hepatocytes in the fed animals and the intensity of the stain per cell was greater. In the fed animal the enzymic protein in the periportal hepatocytes was distributed throughout the cytosol as dense compact masses similar in appearance to the distribution of glycogen, whereas the pericentral hepatocytes had a sparse homogeneous distribution of the enzyme ( Figure SA ). On fasting there was an increase in the content of PEPCK in both the pericentral hepatocytes and periportal hepatocytes, where the enzyme lost the compact appearance and became more evenly distributed ( Figure 5B ).
Glycogen Synthase
Analysis of GS protein levels by densitometric scanning of Western blots showed no change in the content of the enzyme after overnight fasting (Figure 3 ). All parenchymal cells ofthe hepatic lobule stained for GS in the fed state ( Figure 6A ). The enzymic protein in the periportal hepatocytes was in discrete masses similar to the distribution of the hepatic glycogen, whereas the pericentral hepatocytes had a more intense homogeneous distribution of the enzymic protein throughout the cytosol (Figure 7A ), giving the impression of a pericentral lobular pattern. This distribution was similar to that of the hepatic glycogen ( Figure 2 ). Although fasting ovemight ( Figure 6B ) did not alter the pericentral lobularpattem, there was loss of the compact masses of enzymic protein and a more uniform disuibution of GS-immunoreactive material in the periportal hepatocytes, and the homogeneous distribution of GS throughout the cytosol of the pericentral hepatocytes became more pronounced ( Figure 7B ).
Glycogen Phosphorylase
A densitometric scan of Western blots indicated no change in the concentration of GP protein after overnight fasting (Figure 3) . GP was distributed throughout all hepatocytes of the lobule in the fed animals ( Figure 8A ) and appeared as discrete masses in the periportal hepatocytes and midlobular zone, whereas the pericentral hepato- cytes had a more uniform distribution of the enzymic protein (Figure 9A ). In general, the immunostaining for GP reflected a pericentral pattem and was similar to that seen for the hepatic glycogen (Figure 2) . The pericentral hepatocytes had a more uniform distribution of the enzymic protein. No change in the lobular localization of GP was seen after rats were fasted overnight ( Figure 8B ). However, the periportal hepatocytes lost the compact cellular distribution and the cellular staining became more diffuse, whereas little change was seen in the pericentral hepatocytes ( Figure 9B ). The intense staining of the pericentral hepatocytes gave the impression of a pericentral lobular pattern in both the fed and fasted animals.
Discussion
Although the immunocytochemical techniques used in this study do not enable precise quantitative determinations to be made, some observations concerning differences or similarities of distribution and content of PEPCK, GS, and GP can be stated. In this study there was an increase in both the intensity of the PEPCK immunoreactive material and the number of hepatocytes along the periportal to perivenous gradient expressing the enzyme in the livers of fasted animals. This observation supports previous work (7,22,23) which demonstrated increased activity of PEPCK in livers of fasted rats (24) and an apparent increase in the content of PEPCK as demonstrated by immunocytochemical localization (9). Since the PAS staining and glycogen assay indicate that the hepatic glycogen content decreases to almost negligible levels, this depletion of glycogen should affect the expression of the gluconeogenic enzymes. In this study an increase in both the content and distribution of PEPCK, the rate-limiting enzyme in gluconeogenesis, was demonstrated by Western analysis and immunocytochemistry. The change in the content of PEPCK during fasting presumably results from periportal hepatocytes expressing more PEPCK and some induction of enzyme expression by midlobular and pericentral hepatocytes. The increase in the absolute amount of the enzyme results in a steepening of the periportal to perivenous gradient. Recently, high levels of PEPCK mRNA have been localized in the periportal hepatocytes and the midlobular zone of starved rats (13). GS is distributed throughout the parenchyma of the liver lobule and fasting did not change the localization or the amount of the enzyme. GS, the rate-limiting enzyme in glycogen synthesis, is present in a dephosphorylated glucose-6-phosphate-independent form (I or a) and a phosphorylated glucose-6-phosphate-dependent form (D or b). The anti-GS antibody used in these studies recognizes both the phosphorylated and dephosphorylated form of the enzyme. Under intracellular conditions the dephosphorylated form of GS is the active form responsible for the synthesis of glycogen (25). Studies on diumal variations in the activities of hepatic GS (26,27) concluded that increases in enzyme activity were the result of de now enzyme synthesis and not merely interconversion of the D-form to the I-form, since administration of cycloheximide decreased GS activity to basal levels. In addition, in alloxan diabetic rats the twofold increase in GS activity was associated with a concomitant increase in the amount of the enzyme (28). However, the data from this study suggest that the decrease in the activity of GS associated with fasting does not result from a reduction in the amount of the enzyme; therefore, changes in the activity of the enzyme probably reflect changes in its phosphorylation state. During the absorptive state in fed animals, glycogen is synthesized at a higher rate in the pericentral zone than in the periportal (6,14, 29,30). In this study the staining for GS appeared to be more intense in the pericentral zone of fed animals, suggesting more enzymic protein in the pericentral hepatocytes than in periportal hepatocytes. However, quantitative photometric studies are needed to determine if the intensity of GS-immunoreactive material is in fact different in the two regions. During fasting the liver releases glucose (31) by glycogenolysis and gluconeogenesis and is less involved in glycogen synthesis. The immunocytochemical localization of GS protein in fasted animals showed no change in staining of hepatocytes in the pericentral zone of fasted animals, whereas the periportal hepatocyte staining became less discrete and more diffuse. The differences in GS staining between the fed and fasted state appear to represent changes in the cellular distribution of the protein, not the absolute amount, and these changes reflect alterations in hepatic glycogen content in fed vs fasted animals. In the fed animal GS is tightly bound to glycogen (32), whereas the enzyme has a predominantly cytosolic localization in the fasted animal (33) . In this study the GS immunoreactive material in the fed animal had a discrete cellular localization similar in appearance to that of the glycogen within the subcellular comparments (34) of the hepatocytes. After an overnight fast the GS was homogeneously dispersed throughout the cytosol of the cell. Since Western blot analysis did not show a decrease in the quantity of GS between the fed and fasted state, it can be assumed that the decrease in GS activity accompanying fasting is the result of inactivation of the enzyme by phosphorylation.
Immunocytochemical localization showed that GP was distributed throughout the hepatocytes of the liver lobule of the fed animal. This observation is in agreement with studies using a quantitative histochemical technique to demonstrate the homogeneity of GP activity in the liver parenchyma of fed rats (35) . The GPimmunoreactive material was localized in large compact masses in the periportal hepatocytes; some cells contained dense amounts, whereas others had a more punctate, diffuse distribution throughout the cytosol. In contrast, GP was localized uniformly and more intensely throughout most of the cells in the pericentral region. On fasting we observed a loss of the compact masses of GPimmunoreactive material in the periportal hepatocytes and the distribution of enzymic protein became more evenly dispersed throughout all the cells of the lobule, with hepatocytes surrounding the central vein staining more intensely than others. To explain the pattern of GP distribution seen in this study it is necessary to consider both the activity of the enzyme and the alterations in glycogen stores in the fed and the fasted animal. GP is the rate-limiting enzyme of glycogenolysis. Studies on the metabolic zonation of the liver ( 5 ) have confirmed that both the periportal and perivenous regions are equally efficient in degradation of glycogen, although in the post-absorptive state glycogen is degraded at a faster rate by periportal hepatocytes than by those surrounding the central vein (6). In studies of diurnal variations in hepatic glycogen-metabolizing enzymes, it was established that phosphorylase activity decreased when glycogen stores were lowest and that there was a significant correlation between the phosphorylase activity and the enzymic protein (36) . In this study, Western blot analysis showed no change in the absolute amount of GP in the fed vs the fasted state. However, it has been shown that in fasted rats GP activity in the periportal zone is double the activity in the pericentral zone (37) . Assuming no change in the amount of enzyme present and that the content of phosphorylase is the same in the periportal and pericentral regions of fasted animals, enzyme activity could be higher in the periportal zone because more of the enzyme is present in the active (I) form while the pericentral region hepatocytes have the enzyme present in both the active (I) and inactive (D) form. A difference in the ratio (active/inactive) of GP in the pericentral and periportal hepatocytes of fasted rats has been confirmed by measurements of the Michaelis constants for glucose-1-phosphate in the periportal and pericentral zones. The difference between the two Kms suggests mainly the presence of the active form of phosphorylase in the periportal region, whereas both forms (35% active and 65% inactive) are present in the pericentral zone (37) .
Studies on the distribution of glycogen in hepatocytes (16) show a heterogeneity of glycogen deposits throughout the liver lobule. Whereas periportal hepatocytes have glycogen present in discrete masses, the pericentral cells have glycogen dispersed throughout the cytosol of the hepatocytes. During the breakdown of glycogen caused by fasting or diabetes, all the hepatocytes throughout the lobule have decreased amounts of glycogen in the dispersed form (38) . PEPCK has a cellular distribution similar to that of glycogen in the periportal hepatocytes. Electron microscopic studies in progress have shown the cellular localization of PEPCK to be in the subcellular SERGE compartments (34) of the hepatocytes. On fasting the enzyme has a more homogeneous distribution throughout the hepatocytes, similar to that of glycogen. GS and GP have cellular patterns of enzyme distribution in the periportal hepatocytes which reflect that described for glycogen in the fed animal. Since cell fractionation studies have shown that GS and GP are tightly bound to glycogen (39), it is reasonable to expect that the cellular localization of these enzymes would reflect that of the glycogen distribution. On fasting, hepatic glycogen is reduced to negligible levels, with only occasional cells in the pericentral region containing an appreciable amount of glycogen (40). The loss of the compact masses of glycogen in the periportal hepatocytes is associated with a more even dispersal of the enzymic proteins throughout the cytosol. This suggests that the cellular distribution of these enzymes is influenced by the quantity and distribution of hepatic glycogen.
In summary, PEPCK was predominantly localized as discrete compact masses in the periportal region of the liver lobule in the fed rat. In the fasted animal there was an increase in both the content and the distribution of PEPCK, resulting from increased expression of the enzyme by hepatocytes in the periportal region and the induction of enzyme expression by hepatocytes ofthe midlobular and centrilobular regions. This led to a steepening of the periportal to perivenous gradient for PEPCK. Both GS and GP were present in all parenchymal cells and had a cellular distribution similar to that of hepatic glycogen in the fed animal (compact masses in the periportal region, diffuse distribution in the pericentral region). In the fasted animal there was no change in the absolute amount of enzymic protein, as determined by densitometric scanning of Western blots. Immunocytochemistry showed a loss of the compact masses in the periportal hepatocytes, whereas little change was observed in the cellular distribution of the pericentral hepatocytes.
In situ hybridization studies are presently in progress to describe the distribution and content of the mRNA for PEPCK. GS, and GP and to relate these changes to the distribution of enzymic proteins.
